Rationale Research is needed on initial smoking abstinence and relapse risk. Objective This study aims to investigate the effects of different durations of initial abstinence on sensitivity to smokingrelated stimuli and response inhibition in the context of a larger battery of outcome measures. Methods Smokers were randomly assigned to receive payment contingent on smoking abstinence across all 15 study days (15C) or just the final 2 days (2C). Smoking status and subject ratings were assessed daily. Participants completed fMRI sessions at baseline and day 14 during which they completed craving ratings after exposure to smoking-related and neutral stimuli and performed a response inhibition task. On day 15, participants completed a smoking preference session involving 20 exclusive choices between smoking and money. Results The payment contingencies were effective in producing greater smoking abstinence in the 15C vs. 2C conditions. Ratings of withdrawal decreased, while ratings of ease and confidence in abstaining increased in the 15C vs. 2C conditions across the 15-day study. 15C participants were less likely to choose the smoking option in the preference session. 15C participants reported greater reductions in craving compared to the 2C participants in the presence of smoking-related and neutral stimuli (i.e., decreases in generalized craving), but no differences were noted in cue reactivity per se or in response inhibition. Conclusions Results systematically replicate prior observations that a period 2 weeks of initial abstinence decreases the relative reinforcing effects of smoking and improves other outcomes associated with relapse risk compared to the initial day or two of a cessation effort, and extends them by underscoring the importance of generalized rather than cueinduced craving in relation to relapse risk during the initial weeks of smoking cessation.
sustained abstinence predicted longer term abstinence. Others have reported similar associations between initial smoking abstinence and relapse risk in smoking cessation (Gourlay et al. 1994; Higgins et al. 2006; Yudkin et al. 1996) and discontinuing use of other substances such as cocaine (e.g., Higgins et al. 2007 ).
The robust nature of these findings raises the question of whether a period of initial abstinence might act to directly lower relapse risk. Unfortunately, causal inferences are not possible from the smoking studies discussed above because participants self-selected into abstainer and smoker categories. Regarding cocaine use, our group used different amounts of monetary incentives to promote different levels of initial cocaine abstinence in a randomized controlled trial and, as hypothesized, those assigned to the condition with greater initial abstinence also achieved greater longer term abstinence (Higgins et al. 2007 ).
The challenge of how to gain experimental control over smoking status has been an obstacle to conducting experimental research on this important topic. As we did with cocaine use, our group has been examining the use of financial incentives to experimentally manipulate smoking status (Alessi et al. 2004; Chivers et al. 2008; Lussier et al. 2005; Yoon et al. 2009 ). For purposes of efficiency, we use a laboratory model of initial smoking abstinence as opposed to more cumbersome and costly treatment outcome studies. We have successfully used financial incentives to experimentally promote differing amounts of early smoking abstinence in this laboratory model, with results from a series of experimental studies suggesting that abstinence during the initial 2 weeks of a quit attempt directly lowers the relative reinforcing effects of smoking and a profile of other measures (e.g., nicotine withdrawal) indicative of a lowering of relapse risk (e.g., Lussier et al. 2005; Yoon et al. 2009 ).
The purpose of the present study is to systematically extend this experimental model of initial smoking abstinence by examining the influence of different durations of initial smoking abstinence on craving following exposure to smoking-related vs. neutral stimuli (i.e., cue reactivity) and response inhibition in a Go/No-Go task. It is well established that smokers show increases in smoking craving following exposure to smoking-related stimuli (e.g., the sight of a pack of cigarettes or another person smoking a cigarette) and exposure to such stimuli while abstinent is thought to potentially increase relapse risk (Carter and Tiffany 1999; Perkins 2009; Shiffman et al. 1996) . Similarly, deficiencies in response inhibition are thought to be potential contributors to relapse risk due to the active inhibition of smoking that would seem to be necessary for a regular smoker to achieve an initial period of sustained abstinence (Dawkins et al. 2009; Nestor et al. 2011) .
Cue reactivity among smokers has mostly been investigated as a function of short-term abstinence (e.g., 24 h). We know of only two studies examining longer (≥14 days) durations of experimentally manipulated abstinence and cue reactivity (Bedi et al. 2011; Carter et al. 2009 ). In Carter et al. (2009) , cue reactivity was examined as a function of 14-17 days of abstinence compared to a control condition consisting of smokers who continued smoking as usual (Carter et al. 2009 ). Those who were abstinent for 14-17 days reported significantly lower mean absolute craving levels than controls in the presence of both smoking-related and neutral stimuli, but the craving levels observed following exposure to smoking-related versus neutral stimuli (i.e., cue reactivity) was not different between abstainers and smokers. Importantly, these results suggest that perhaps it is reductions in absolute levels of generalized craving (i.e., craving states that occur across different stimulus contexts) during the initial weeks of abstinence that represent the important change with regard to relapse risk rather than reductions in craving levels following exposure to smoking-related stimuli per se. In the Bedi et al. (2011) study, smokers received financial incentives contingent on providing biochemically verified abstinence for periods of either 7, 14, or 35 days. Reactivity to neutral versus smoking-related cues was assessed at the end of the different durations of abstinence and compared between conditions. Craving in response to smoking-related cues increased modestly but reliably in comparisons of the longest versus shortest durations of abstinence (35 vs. 7 days) providing support for the notion of an incubation period wherein cue-induced craving increases during initial smoking abstinence. The present study has the potential to contribute new evidence on this relatively under investigated topic.
Like cue reactivity, response inhibition performance has been investigated mostly as a function of brief (e.g., 24 h) smoking abstinence (Kozink et al. 2010; McClernon et al. 2008; Pettiford et al. 2007 ). We know of two studies that examined changes in response inhibition performance as a function of longer term abstinence (e.g., 3 months and >1 year, respectively; Dawkins et al. 2009; Nestor et al. 2011 ) and the results were mixed. Dawkins et al. (2009) reported a significant improvement in inhibitory performance on an antisaccade task (requires inhibiting eye movement to avoid viewing a novel stimulus in peripheral vision) among continuing smokers but no significant improvement among quitters after 3 months of abstinence. In the same study, no significant effects were observed among continued smokers or quitters on a continuous performance task (requires inhibiting reproduction of sequential number arrays; Dawkins et al. 2009 ). In a cross-sectional observational study, Nestor et al. (2011) examined a sample of current smokers, ex-smokers (>1 year abstinent), and control never-smokers on an "X, Y" Go/No-Go task (requires inhibiting responding to letters that are repeated and not alternating). Ex-smokers had significantly better response inhibition performance than current smokers and did not differ significantly from controls.
Neurobiological correlates of cue reactivity and response inhibition performance have been investigated in several studies in relation to smoking abstinence. Presentation of smoking-related relative to neutral stimuli (e.g., pictures of people smoking relative to pictures of neutral situations) among smokers abstinent for short and longer term durations (e.g., 24 h and >1 year, respectively) is associated with increased cortical and subcortical neural activation including activation in the anterior cingulate, insula, putamen, and superior frontal gyrus, among others (Brody et al. 2002; David et al. 2005; Due et al. 2002; Franklin et al. 2007; Janes et al. 2009; McBride et al. 2006; McClernon et al. 2005b McClernon et al. , 2007 McClernon et al. , 2009 Nestor et al. 2011; Wilson et al. 2005) . These cortical and subcortical areas are associated with reward, goaldirected, and attentional processes (McClernon et al. 2009 ). Investigation of response inhibition Go/No-Go tasks among smokers abstinent for short-and longer term durations (also 24 h and >1 year, respectively) has been associated with primarily cortical activation to both correct inhibitions and inhibition errors (e.g., Kozink et al. 2010; Nestor et al. 2011) in areas including the dorsolateral prefrontal cortex, anterior cingulate cortex, insula, inferior frontal cortex, and the presupplementary motor area among others (Bechara 2005; Bush et al. 2000; Janes et al. 2010 , Kozink et al. 2010 Preuschoff et al. 2008; Whalen et al. 1998 ). These cortical areas are associated with response monitoring in addition to goal-directed and attentional processes (McClernon et al. 2009; Nestor et al. 2011) . Imaging neurobiological correlates of exposure to smoking-related stimuli and performing response inhibition tasks following different durations of initial smoking abstinence provide opportunities to evaluate what role they may have in mediating changes in relapse risk associated with initial smoking abstinence.
Material and methods

Participants
Adult cigarette smokers were recruited via newspaper ads and flyers posted in the local community. Eligibility criteria included being 18-55 years old, in good health, reporting smoking ≥10 cigarettes/day for at least 1 year, providing a breath carbon monoxide (CO) sample ≥15 ppm, reporting no plans to quit smoking in the near future, and completion of the study orientation session. Smokers not trying to quit were specifically chosen in order to increase the likelihood that changes in smoking rates were under experimental control rather than variables extraneous to the study (Alessi et al. 2004) . Exclusion criteria consisted of any current use of psychoactive medications, a history of depression or other behavioral or emotional problems for which they were seen by a health care professional, substance dependence other than tobacco, being pregnant or lactating, having ferromagnetic metal contained in one's body (protects against adverse impact of magnetic forces during neuroimaging), and being lefthanded (so neuroimaging data reflect the same lateral activation patterns across participants). Those reporting behavioral/ emotional problems were screened by a licensed psychologist to rule out current or past Axis I psychiatric disorders. Participants were not informed of inclusion/exclusion criteria except for age requirements. All participants provided written informed consent and were randomized to one of the two experimental conditions (15C or 2C) described below stratifying on gender, whether the participant was a student or community member, and baseline Fagerstrom Nicotine Tolerance Questionnaire scores (≤6 or >6). All participants provided written informed consent.
Procedure
Orientation session Participants attended an initial orientation session familiarizing them with the procedures to be used in the study. They were also trained on a standardized puffing procedure described below, and trained on tasks (cue reactivity and response inhibition) that they would complete in later test sessions. Participants provided a urine specimen that was assessed for cotinine and illicit drug use. Participants were required to test negative for illicit drug use prior to starting the study. They were instructed to abstain from drug use throughout the study and were monitored for adherence at each laboratory visit. During the 15-day study, 94.2 % (113/120) of samples tested were negative for drug use. Regarding the 5.8 % of samples that tested positive (one for opiates and one for THC in the 15C condition and two for THC in the 2C condition), participants showed no signs of acute intoxication and thus were permitted to complete the scheduled sessions. Following the orientation session, participants were randomized into experimental conditions for the start of the 15-day study.
Abstinence monitoring program Abstinence monitoring took place over the course of 15 consecutive days. Participants visited the lab once daily to biochemically verify smoking status (Yoon et al. 2009 ). When payment was contingent on smoking abstinence, participants received cash immediately after biochemical verification. When payment was independent of smoking status, participants received cash prior to the biochemical assessments. At each visit, participants reported how much they had smoked since their last visit. Participants also reported drug and alcohol consumption, hours of sleep, and any changes in health or crises since last visit.
Experimental conditions and associated payment schedules Among those assigned to the 15C condition, daily payments were contingent on meeting the abstinence criterion across study days 1-15. The abstinence criterion during week 1 was breath CO ≤4 ppm and during week 2 (starting on day 8) was a urine-cotinine≤80 ng/ml using enzyme immunoassay. Breath CO was used in week 1 because of the relatively long half-life of cotinine, which may produce false-positive test results associated with smoking that occurred prior to the start of the 15-day study. Participants were advised to quit smoking by 5 pm on the day prior to their first visit in order to meet the abstinence criterion on day 1. Participants were not explicitly instructed to refrain from nicotine replacement therapy (NRT), but informed that use of NRT risked a urinecotinine result that would register as positive for smoking and preclude earning incentives. No participants reported NRT use during the study. Among those assigned to the 2C condition, daily payments were independent of smoking status during days 1-13 and contingent on a breath CO ≤4 ppm on days 14 and 15.
Participants in the 15C condition earned $20.50 for the first visit where the smoking abstinence criterion was met. Each subsequent visit in which the abstinence criterion was met increased the amount earned by $4.50 up to a maximum of $40/negative sample. If the abstinence criterion was not met or the participant missed a scheduled visit, no cash was delivered and the amount that could be earned the next time the participant met the abstinence criterion was reset to $20.50. Only 0.2 % (1/450) of samples was missed due to participants failing to attend a scheduled session. If participants met the abstinence criterion for two consecutive visits following a reset, the value of the amount earned on that second visit was restored to the initial value prior to the reset. Maximum potential daily earnings were equal to those used in prior studies (e.g., Yoon et al. 2009 ). Participants in the 2C condition earned $28 on days 1-13 independent of smoking status and $40 on days 14 and 15 for meeting the abstinence criterion (CO ≤4 ppm). The $28 amount was based on average earnings in a 14-day contingent condition in a prior study (Chivers et al. 2008) . Participants in the 2C condition were also advised to quit smoking by 5 pm on day 13 in order to meet abstinence criterion on days 14 and 15. All payments during the 15-day monitoring period were made in cash. To encourage study completion, participants also received a $100 bonus check for completing the study. On average, participants in the 15C condition ($623.39±122.72) earned more than those in the 2C condition (563.16±25.22), although these differences were not significant (p =0.09).
Smoking preference session After the last scheduled smoking monitoring visit on day 15, participants completed a 3-h smoking preference session involving choices between opportunities to smoke vs. earn money. During that session, participants were seated alone in a private ventilated room (4×6× 8 ft) facing a notebook computer that ran a Microsoft Visual Basic® 6.0 program. A desktop computer was also in the room and was used for controlling smoke exposure (described below). An open pack of the participant's preferred brand of cigarettes along with a lighter and ashtray were also available in the room. Participants could make up to a total of 20 mutually exclusive choices for either $0.25, two puffs on a cigarette, or forgo both options and simply allow session time to pass. Participants were instructed that they were free to smoke without any adverse consequences, except for forfeiting the $0.25 per smoking choice. Sessions began with two response options labeled either "SMOKE" or "MONEY" displayed side by side on the notebook monitor. The order of the response options was randomized across participants. Participants registered preferences for smoking or money by using the notebook's touchpad to click on the appropriate response option ten times.
Completion of either response requirement resulted in a brief series of three tones and initiated a 3-min inter-trial interval during which the response options were not available. An interval clock showed how much time was left during the inter-trial interval. Once the 3-min interval was complete, both response options became available again until the 20 choices were exhausted. The number of times either response option was chosen was also displayed under each response option. If the participant chose "MONEY," $0.25 was added to a running total displayed on the notebook monitor. If the participant chose "SMOKE," the monitor flashed, "PUFF NOW," and participants had 3 min to complete the standardized puffing procedure described below. If all 20 choices were exhausted, then both response options became unavailable and the monitor displayed the message "No more trials" with the session timer continuing to count down the remaining time. The remaining cigarettes were removed from the experimental room at this time. Except for the inter-trial interval, when and how the 20 choices were distributed across the session was under the control of the participant. When not making choices, participants were allowed to read and listen to music, but could not eat, drink, or sleep. At the end of the session, participants were paid any money that they had earned and discharged.
A standard procedure was used to deliver cigarette puffs (Zacny et al. 1987) . Once a participant chose the smoking option, she lit a cigarette without inhaling and inserted the filter end of the cigarette into a plastic cigarette holder connected by tubing to a puff-volume sensor (CReSS Lab software, Borgwaldt KC, Inc., Richmond, VA, USA). Participants then inhaled until a tone signaled that a 60-cc volume of smoke had been inhaled. Participants held the smoke in their lungs for 5 s after which another tone signaled to exhale the smoke. Following a 25-s inter-puff interval, the sequence was repeated and then the cigarette was extinguished.
Participant ratings At the baseline session prior to randomization and on visit days 1-15, participants completed the (1) McNair et al. 1971) ; (4) a set of visual-analog scales (VAS) that included items to assess craving, abstinence self-efficacy, and symptoms of nicotine withdrawal; and (5) the Multiple-Choice Procedure (MCP) assessing choices between hypothetical money vs. cigarettes (Griffiths et al. 1993 ). All participant ratings were completed on a PC using the CReSS Lab software (Borgwaldt KC, Inc.).
Neuroimaging test sessions Test sessions were conducted twice for each participant: at baseline prior to randomization and on day 14 of the study period. Participants were asked to smoke a cigarette of their preferred brand 30 min prior to the baseline session to control for any effects of withdrawal. Otherwise, procedures were identical for the two sessions. Prior to scanning, participants completed questionnaires regarding mood, nicotine withdrawal, alcohol, and other drug intake over the previous 24 h. Participants were given a keyboard to make responses on tasks. All imaging was conducted using a 3.0 Tesla (3 T) Philips Achieva scanner (supported by the UVM MRI Center for Biomedical Imaging and the Department of Energy SC 0001753). Blood-oxygen-leveldependent (BOLD) functional images were collected for 29 contiguous slices (4 mm thick) parallel to the horizontal plane connecting the anterior and posterior commissures. An Echo Planar Imaging sequence was used, with TR = 2 s, FOV = 25.6 cm, flip angle = 90, and in-plane resolution = 1.875 mm 2 . During the cue reactivity task, participants viewed 40-s blocks of color photographic smoking-related and neutral stimuli. Photographs were projected onto a screen in front of and above the participant's face as they lay inside the scanner. Each block was composed of eight pictures, each presented for a mean of 5 s (jittered 3-7 s; i.e., presentation time ranged from 3 to 7 s). A total of eight blocks were presented in a boxcar design (i.e., alternating blocks of smoking-related and neutral stimuli), half of which were blocks of pictures of people smoking or holding a cigarette, while the other half were pictures of people doing neutral everyday activities (e.g., holding a pencil or talking on the phone). Participants were asked to press a designated button each time the presented picture changed. There were equal number of females and males represented in each category of stimuli. Pictures were a subset of a larger series used in previous studies (McClernon et al. 2005a . After each block, a crosshair was presented for 5 s. Participants then rated their present craving for a cigarette on a 1-10 scale ("not at all" to "extreme"). The scale was presented for 10 s followed by a crosshair for 5 s. The total inter-block interval was 20 s. Each participant completed one, 9-min run of the task each test session. The task was programmed with E-prime (Psychology Software Tools, Pittsburgh, USA).
Response inhibition was measured using a Go/No-Go task modeled after the "X, Y" Go/No-Go task described in Garavan et al. (2006) . A streaming alternating pattern of Xs and Ys (e.g., X, Y, X, Y) was presented centrally at a rate of 1 letter/900 ms with an inter-stimulus interval of 100 ms. Participants were then instructed to press their index finger button every time an X or Y was presented, unless the alternating pattern was interrupted and two of the same letters were presented sequentially (e.g., X, X, or Y, Y) at which point the participant was to refrain from pressing the button. Thus, the Go/No-Go task required inhibition of a pre-potent response following identification of a No-Go stimulus. Go/No-Go task performance was measured by the number of successfully inhibited responses. Each participant completed one version of the task each test session. The task contained 708 "Go" trials and 42 "No-Go" trials distributed 10 to 22 s apart (mean =16 s). Participants were required to meet a minimum performance criterion of 50 % No-Go correct accuracy during the practice version of the task completed at the orientation session.
Statistical methods
Smoking and participant ratings Comparisons between experimental conditions on participant characteristics were performed using t tests or Wilcoxon rank sum tests for continuous variables and Fisher's exact tests for dichotomous variables. Analysis of data collected during the 15-day study were conducted separately for days 1-13 and days 14-15 due to the change to abstinence-contingent payments on days 14-15 in the 2C condition. For days 1-13, repeated measures analysis of covariance (SAS, PROC MIXED) was used to compare experimental groups on CO and cotinine levels using baseline cotinine as a covariate (i.e., baseline cotinine levels differed significantly between conditions, see Table 1 ). Scores on participant ratings (i.e., VAS, POMs, QSU, MNWQ, craving ratings, etc.) were analyzed using repeated measures analysis of covariance with condition and session day (1-13) as factors and participants' baseline score on the outcome measure (several differed between conditions) and baseline cotinine as covariates. Analysis on days 14-15 was performed based on repeated measures analysis of covariance for measures of smoking abstinence (CO and cotinine) and participant ratings using participants' baseline scores on the outcome measure and baseline cotinine as covariates. Behavioral results from cue reactivity and response inhibition tasks (e.g., craving rating and the percentage of "No-Gos" correct) were analyzed using three-way and one-way repeated measures analysis of covariance, respectively, with baseline cotinine as the covariate. Group comparisons on categorical outcomes of the preference session (e.g., "ever choosing to smoke") were based on logistic regressions controlling for baseline cotinine.
Cue reactivity task analysis Data first underwent preprocessing using SPM 8 (Wellcome Department of Imaging Neuroscience, London) to remove noise and artifact. Each participant's data was corrected for acquisition time, corrected for motion using rigid body translation and rotation, normalized to the MNI template, and smoothed with an 4-mm fullwidth half maximum Gaussian filter. Following preprocessing, six of the participants (three/condition) had unusable data due to excessive motion (>1 voxel size in any direction) or other artifact leaving a total sample size of 24 subjects for analysis (12/condition). Participants' data were then entered into a first-level analysis using the General Linear Model. Each block type (smoke, control) was modeled as a boxcar function (duration=40 s) convolved with the canonical hemodynamic response function. A high pass filter was applied to remove slow signal drift. Smoking cue>control cue contrast images were created for each participant. These contrast images were entered into a random effects analysis using a twofactor ANOVA model with scan (pre, post) and condition (2C, 15C) as the factors. Voxel-wise analysis was conducted within an ROI mask. The mask was created from anatomical regions identified in a meta-analysis of cue reactivity (Kühn and Gallinat 2011) : nucleus accumbens, caudate, putamen, temporal gyrus, anterior cingulate gyrus, amygdala, insula, posterior cingulate cortex, inferior frontal gyrus, and angular gyrus. Each bilateral region was selected using the WFU PickAtlas tool (Maldjian et al. 2003 ) and combined to create the mask. Given that analyses were restricted to regions associated with cue reactivity, activations within the mask were considered significant at k =20, p <0.001, uncorrected.
Go/No-Go task analysis Data were preprocessed similarly to the cue reactivity data. Following preprocessing, seven of the participants had unusable imaging data due to excessive motion or other artifact leaving a total sample size of 23 subjects for analysis (11 in 2C; 12 in 15c). Participant data were then entered into a first-level analysis using the General Linear Model. Correctly inhibited targets and errors of commission (responding on No-Go trials) were entered as separate regressors, modeled as a delta function at the time of target onset and convolved with the canonical hemodynamic response function. Motion parameters were included as nuisance covariates. A high pass filter was applied to remove slow signal drift. Correctly inhibited targets>control targets (go stimuli) contrast images were created for each participant. Contrast images were entered into a random effects analysis using a two-factor ANOVA model with scan (pre, post) and condition (2C, 15C) as factors. Voxel-wise analysis was conducted within an ROI mask. The mask was created from the peak voxels identified in a meta-analysis of complex Go/No-Go tasks (Simmonds et al. 2008 ) using a 5-mm sphere drawn around each peak voxel. The regions represented in the mask were bilateral middle/inferior frontal gyrus, bilateral inferior parietal lobule, bilateral putamen, pre-SMA, bilateral middle temporal gyrus, and bilateral fusiform. Given that analyses were restricted to regions associated with inhibitory control, activations within the mask were considered significant at k =20, p <0.001, uncorrected.
Results
Study participants
Thirty-four participants provided informed consent and were randomized to study conditions, with 30 completing the study (14 in 15C and 16 in 2C). The four non-completers were divided evenly between the 15C and 2C conditions. The only significant difference in baseline subject characteristics was in mean cotinine levels (Table 1) , which were not significantly correlated with any of the main study outcome measures, but to be conservative were included as a covariate in the analyses reported below.
Smoking abstinence
The reinforcement contingencies were successful in experimentally altering smoking abstinence levels between the 2C and 15C conditions. Breath CO levels and urine cotinine levels across days 1-13 changed as an orderly function of changes in the payment contingencies (Fig. 1, upper panel ; Table 2 ). Mean breath CO levels in the 15C condition were significantly lower than those in the 2C condition throughout Table 2 ). Likewise, mean urine cotinine levels in the 15C condition were consistently below those in the 2C condition during days 1-13 (Fig. 1 , lower panel; Table 2 ; F [1, 27]= 55.98, p <0.01), although as expected there was a gradual decrease through the initial week in the 15C condition due to the relatively long half-life of cotinine (∼19 h; Fig. 1 , Table 2 ). Cotinine levels remained significantly lower in the 15C compared to the 2C condition during days 14 and 15 when the abstinence contingency was operating in both conditions (Fig. 1 , Table 2 ; F [1, 26]=11.38, p <0.01), again, an expected effect related to cotinine half-life. Collapsing across the 15C and 2C conditions, 88.8 % (215/242) of specimens submitted during the contingent payment periods met the abstinence criterion compared to 0.5 % (1/208) of the specimens submitted on non-contingent days. Nevertheless, because not all specimens met the criterion, mean cotinine levels were slightly above the 80 ng/ml criterion during the contingent payment periods.
Cue reactivity and response inhibition tasks
Cue reactivity behavioral results There were no significant baseline differences between the 15C and 2C conditions in craving ratings following exposure to neutral or smokingrelated stimuli (Fig. 2) . Participants in both conditions reported small-magnitude, yet significantly higher ratings following exposure to smoking-related compared to neutral stimuli at baseline and day 14. However, ratings in the two conditions changed substantially between baseline and day 14. Craving ratings following exposure to either smoking-related or neutral stimuli decreased significantly in the 15C condition while increasing in the 2C condition such that there were two to threefold differences between the two conditions on day 14 ( Fig. 2 ; F[1, 28]=21.71, p <0.01). Interestingly, the smallmagnitude difference between ratings following exposure to smoking-related vs. neutral stimuli evident at baseline in both conditions remained unchanged over time. That is, the effect of the experimental intervention was to reduce the overall mean intensity of absolute craving ratings (i.e., generalized craving) and not the differential response to smoking-related vs. neutral stimulus exposure (cue reactivity craving).
Cue reactivity fMRI results
We first examined main effects of cue reactivity (smoking cue>control cue) at the baseline scan in order to establish that the task was associated with changes in brain activation expected with cue reactivity. Significant activations were observed in areas consistent with cue reactivity, including the R middle temporal gyrus (peak voxel=42, −68, 2), two clusters in L ACC (−6, 32, 24; −2, 52, −2), L MTG (−48, −64, −2), and L PCC (−2, −42, 32). However, no main effects of study condition (2C vs. 15C) or session (pre vs. post) or interactions between those variables were observed at the preselected threshold. 
Response inhibition behavioral results
Response inhibition fMRI results
We first examined main effects of task at the baseline scan to establish that the task was associated with changes in brain activation expected during response inhibition. Significant activation was observed during correct inhibition in L supplemental motor area (peak voxel=2, 16, 46), R middle temporal gyrus (52, −36, −4), R angular gyrus (38, −54, 38), R putamen/ insula (32, 14, 2), L angular gyrus (−44, −50, 44), and R significantly greater than the 2C condition (Fig. 3 , upper panel; Table 2 ; F[1, 26]=5.89, p <0.05). However, on day 14, the mean rating in the 2C condition increased to levels slightly below but not significantly different than the 15C condition. On day 15, ratings in the 2C condition decreased back to levels significantly less than the 15C and similar to ratings in the 15C condition during the initial days of abstaining. Mean VAS ratings of "Confidence in Abstaining Tomorrow" were consistently higher in the 15C than in the 2C condition on days 1-13 (Fig. 3 , lower panel; Table 2 ; F [1, 26]=7.23, p =0.01). Those in the 2C condition were asked about their "Confidence in Abstaining Tomorrow if Asked to Abstain." During days 14 and 15, the overall mean rating in the 15C condition remained greater than the 2C condition (Fig. 3 , lower panel; Table 2 ; F [1, 26] = 4.33, p < 0.05). Ratings in the 2C condition increased to levels comparable to the 15C condition on day 14, with ratings in both conditions returning to baseline levels on day 15, the final study day.
Nicotine withdrawal and related measures Mean total scores on the MNWQ increased to peak levels on day 1 in the 15C condition and then gradually decreased throughout the duration of the study, whereas scores in the 2C condition remained relatively unchanged from baseline through days 1-13 (Fig. 4 , upper panel; Table 2 ; F [12, 332]=2.91, p <0.01). During days 14 and 15, scores in the 2C condition increased and then decreased while scores in the 15C remained relatively unchanged (Fig. 4, upper panel) . Total MNWQ scores did not differ between the 15C and 2C conditions during days 14 and 15 (Fig. 4, Table 2 ; F [1, 26]=0.47, p =0.50).
Mean ratings of "Desire to Smoke" on the MNWQ were at peak levels on days 1-3 in the 15C condition and then gradually decreased to levels similar to the 2C condition and at or below baseline levels through day 13, while ratings in the 2C condition were either at or below baseline levels during days 1-13 (Fig. 4 , lower panel; Table 2 ; F[1, 332]=2.37, p <0.01). On day 14, mean ratings increased in both conditions. On day 15, the mean rating in the 2C condition increased above baseline levels and significantly above the 15C condition (Fig. 4 , lower panel; Table 2 ; F[1, 28]=4.39, p <0.05;). Other visual analog measures of craving to smoke (e.g., VAS crave, desire, need, and want) generally showed similar changes (Table 2) .
Mean QSU Factor 1 scores, which measures expectation of positive reinforcing outcomes from smoking showed significant differences between conditions during days 1-13 (Fig. 5 , upper panel; F[1, 26]=4.47, p <0.05). A decreasing trend was observed in mean ratings in the 15C condition until day 8 when scores decreased significantly below 2C scores and then remained at that level (Fig. 5 , upper panel; Table 2 ; F[12, 332]=2.84, p <0.01). Scores in the 2C condition were significantly above those in the 15C condition after day 7 through the duration of the study including day 15 when the smoking preference session was conducted (Fig. 5, Mean ratings on the QSU Factor 2 scale, which measures expectation of negative reinforcing effects of smoking, peaked on day 1 in the 15C condition and then decreased as a function Lower panel-the MNWQ total score is the overall average score of all items except "Desire to Smoke." All other details are as in Fig. 1 of time across days 2-13 while remaining relatively unchanged in the 2C condition (Fig. 5 , lower panel; Table 2 ; F[12, 332]= 2.11, p <0.05). A significant difference between treatment conditions on this measure was also noted on days 14 and 15 when the abstinence contingency was in effect in both conditions ( On days 1-13, mean VAS ratings of "Anxious," "On Edge," and "Irritable" increased in the 15C compared to the 2C condition (Table 2 (Table 2) .
POMS and MCP scales Mean ratings on POMS "confusion" subscale tended to decrease through day 12 while ratings in the 2C condition remained fairly constant. Both conditions increased on day 13 (Table 2 ; F [12, 332]=2.00, p <0.05). Both conditions dropped on day 14 but were comparable on days 14 and 15 (F [1, 28]=0.93, p =0.34). On days 1-13, mean ratings on the POMS "tension" in the 2C condition did not tend to change over time while the mean ratings in the 15C condition were significantly higher than the 2C condition on day 1 but decreased to levels comparable to the 2C condition (F[12, 332]=2.52, p <0.01). Both conditions increased during days 14 and 15 but were comparable (F [1, 28] = 0.10, p =0.74). None of the other POMS subscales (e.g., anxiety and depression) showed significant differences between experimental conditions during days 14 and 15 ( The MCP task measuring subject ratings of the relative reinforcing effects of hypothetical cigarettes vs. money showed separation between conditions on day 1 with those in the 15C showing a significant decrease in mean crossover values continuing through day 13, crossing over from choosing cigarettes to money at a mean value that was twofold lower than in the 2C condition ($3.90±0.8 vs. $7.30±0.8; Table 2 ; F[1, 26]=8.30, p <0.01). This difference in crossover values remained significant throughout the study including the day 14 and 15 assessments taken before the smoking preference session (Table 2 Predicting smoking in the preference test
We examined whether day-14 craving ratings in the cue reactivity task following exposure to (1) smoking-related stimuli, (2) neutral stimuli, or (3) the difference between ratings following exposure to smoking-related versus neutral stimuli (i.e., cue reactivity) predicted smoking in the preference session. Craving ratings following exposure to the smoking-related (r =0.43, p <0.05) and neutral stimuli (r = 0.44, p <0.05) each predicted ever choosing to smoke in the preference session, while the average difference score between smoking-related and neutral stimuli on day 14 (i.e., cue reactivity) did not (r =0.01, p =0.94).
Discussion
There is broad consensus that smoking status in the initial weeks of cessation is highly associated with longer term success in quitting smoking. The present experiment is one in a series that have used financial incentives to directly manipulate smoking status to examine whether an initial period of smoking abstinence lowers relapse risk (Alessi et al. 2004; Chivers et al. 2008; Lussier et al. 2005; Yoon et al. 2009 ). Consistent with the results from those prior studies, we were able to experimentally manipulate smoking status during the 15-day outpatient study. Also, consistent with prior results, the present study demonstrated that abstinence during the initial 2 weeks of smoking cessation directly lowers the relative reinforcing effects of smoking while changing a broad profile of subject ratings consistent with a decrease in relapse risk (Lussier et al. 2005; Yoon et al. 2009 ). Participants assigned to the 15C condition were significantly less likely to ever choose the smoking option in the smoking preference test compared to those assigned to the 2C condition. Preference or choice among concurrently available commodities represents a well-accepted index of the relative reinforcing effects of those goods that is a long-standing and commonly used measure in behavioral pharmacology studies on the relative reinforcing effects of abused substances (e.g., de Wit 1991; Griffiths et al. 1979; Higgins et al. 1994; Woolverton and Nader 1990) . The present choice results provide the third independent experimental demonstration that abstaining from smoking during the initial weeks of cessation lowers the relative reinforcing effects of smoking (Lussier et al. 2005; Yoon et al. 2009 ). Those changes in the relative reinforcing effects of smoking measured on study day 15 were preceded by increases throughout the course of study in participant ratings of ease of abstaining and confidence in abstaining from smoking and decreases in expectations of positive reinforcement from smoking among participants assigned to the 15C compared to the 2C conditions. Measures of nicotine withdrawal, urge to smoke, and visual analog ratings of anxiety and tension and other similar emotional states initially increased and then subsequently decreased over the same period among those assigned to the 15C condition while among those assigned to the 2C condition they were at the elevated levels associated with the initial days of abstinence when the smoking preference test was conducted. Technically, whether the changes observed in smoking preference in the present and prior studies result from a reduction in the reinforcing effects of smoking or an increase in the reinforcing effects of money is not knowable from the procedures used. However, when considered together with the other outcome measures discussed above, the former account seems like a highly reasonable inference. Indeed, this reliable finding of a reduction in the relative reinforcing effects of smoking appears to provide a likely mechanism by which initial abstinence lowers relapse risk.
Importantly, the present results extend prior research by demonstrating that mean absolute craving levels following exposure to smoking-related and neutral stimuli (i.e., generalized smoking craving) decrease during the course of the study among those assigned to the 15-C condition while increasing among 2C participants. Indeed, day-14 absolute craving levels were different between the two conditions by several orders of magnitude and significantly predicted smoking in the preference session. By contrast, the differences between craving ratings following exposure to smoking-related stimuli versus neutral stimuli (i.e., cue reactivity) was not different between the 15C and 2C conditions at baseline or day 14, did not change over time, and did not predict smoking in the preference session. These results suggest that to the extent that reductions in craving during the initial weeks of a quit attempt in this laboratory model are related to relapse risk in naturalistic settings, it is reductions in the absolute levels of generalized craving rather than changes in reaction to smokingrelated stimuli (i.e., cue reactivity) per se that are most important. As was mentioned in the "Introduction" to the present report, we know of at least two prior studies that compared craving levels following exposure to smoking-related and neutral stimuli among smokers abstinent for 14-17 days (Carter et al. 2009 ) and up to 35 days (Bedi et al. 2011) , respectively. The results reported by Carter et al. (2009) are consistent with the present results, with an initial period of abstinence resulting in significant reductions in absolute craving levels in the presence of both neutral and smoking-related stimuli and no change in the difference in craving intensity following exposure to neutral versus smoking-related stimuli (i.e., cue reactivity). Worth noting is that while the present study involved participants not seeking to quit in the near future, Carter et al. studied treatment seekers suggesting that the present results may have implications for clinical populations. As was noted above, Bedi et al. reported smallmagnitude but reliable increases in the amount of craving observed following exposure to smoking-related compared to neutral stimuli after 35 days compared to 7 days of abstinence in smokers not trying to quit long term. The present and Carter et al. studies did not assess abstinence levels beyond 14-17 days and thus provide no opportunity to examine the reliability of the Bedi et al. observation. A methodological feature common across all three studies was random presentation of neutral and smoking-related stimuli during test sessions. While experimentally rigorous in terms of reducing the likelihood of confounding by order effects, the practice does raise concerns about carryover effects or blending of responses elicited by the two types of stimuli.
Turning to the fMRI results, while smoking-related stimuli compared with neutral stimuli occasioned activation differences in areas consistent with prior literature (McClernon et al. 2009 ), there were no significant differences between experimental conditions in response to smoking-related compared with neutral stimuli between the 15C and 2C conditions on day 14. The comparable differences in craving levels between smoking-related and neutral cues in the two conditions observed at baseline and day-14 testing, despite substantial differences in absolute craving levels on day 14, is the most plausible explanation for these negative outcomes. Whereas BOLD-fMRI is suited for assessment of responses to one stimulus condition (e.g., smoking cues) vs. a baseline or control condition (e.g., nonsmoking cues) (McClernon et al. 2009; Kühn and Gallinat 2011) , it is less well suited for detecting differences between study conditions in absolute levels of chronic states (e.g., generalized craving). Use of a procedure such as arterial spin labeling (ASL), a neuroimaging measure of absolute cerebral blood flow (CBF), could provide a more sensitive procedure in future studies on this topic. While some studies (e.g., Wang et al. 2008) suggest that ASL measures of CBF may not be highly sensitive to abstinence manipulations, abstinence-induced changes in craving appear to be robustly correlated with changes in CBF. Considering that at least one other study has observed changes in brain cue reactivity as a function of abstinence (McClernon et al. 2009 ), another explanation for the negative results is that we were underpowered to detect these neurobiological changes; although a viable possibility, it is notable that the study was sufficiently powered to detect self-reported changes in abstinence-induced craving levels (see Fig. 2 ). On the whole, these results suggest that future studies might benefit from tracking cue-induced activation changes, changes in tonic levels of activity as indexed by ASL, and by tracking possible interactions between the two.
We did not observe any significant effects of our experimental manipulations on response inhibition performance over the 2-week period of the present study. It is possible that the response inhibition task was insensitive to smoking abstinence and nicotine withdrawal due to a low degree of difficulty. Other studies have found significant reductions in response inhibition accuracy as a function of brief (e.g., 24 h) abstinence using response inhibition tasks that were individually tailored (e.g., made more or less difficult) based on baseline response inhibition accuracy (e.g., Kozink et al. 2010) . Further investigation with similar individualized tasks appears warranted and will be important to determining how the initial disruption in response inhibition performance that has been reported in prior studies during the initial day or so of abstinence changes as abstinence is sustained across the initial weeks of the cessation effort. The lower smoking rates observed in the 15C condition in the preference session of the present study suggests that at least "response inhibition" that is specific to smoking improves across the initial 2 weeks of abstinence. Other fMRI studies have found differential effects of neural activation to correct inhibitions and errors on response inhibition tasks as a function of smoking abstinence in contrast to the negative results in the present study (e.g., Kozink et al. 2010; Nestor et al. 2011) ; however, those studies also observed behavioral effects of reduced response inhibition accuracy as a function of abstinence whereas in the present study we did not, potentially explaining the lack of neural activation correlates to correct No-Go trials. These studies also examined short-and longer term durations of abstinence (e.g., 24 h and >1 year) and compared them to non-abstinent conditions. This would suggest that it is possible that comparing differential durations of relatively short durations (e.g., 2 days versus 15) of abstinence does not produce substantially different neural activation patterns, but again these are empirical questions that will have to be addressed in future studies. Overall, neither the response inhibition behavioral nor neurobiological results in the present study enhance understanding of the reductions in relapse risk that were observed in the 15C condition. As with cue reactivity, the relatively small sample size makes it difficult to rule out differential effects of 2 vs. 15 days of abstinence in the present study; and future research on this topic is warranted.
In summary, the present study was conducted to systematically replicate and extend prior observations from our group on the mechanisms by which an initial 2-week period of smoking abstinence may directly lower longer term relapse risk. The present study furthered both of these aims, first by systematically replicating findings regarding the increase in ease and confidence in abstaining and decrease in nicotine withdrawal, positive expectations from smoking, and we think most importantly the relative reinforcing effects of smoking over a 2-week period of initial abstinence, and secondly by extending our understanding of the impact of initial abstinence on craving intensity following exposure to smoking-related versus neutral stimuli. Consistent with results from an earlier report by Carter et al. (2009) , it appears that changes in generalized craving intensity may matter more for relapse risk than do changes in the relative intensity of craving in response to smoking-related versus neutral stimuli (i.e., cue reactivity) during the critically important initial 2 weeks of smoking cessation when relapse risk is greatest. Future studies will be necessary to further examine the reliability of these findings across additional experimental arrangements and populations and the relative importance of changes in generalized versus cue-induced craving at abstinence durations beyond the initial couple of weeks.
